Milankovitch periodicities of 123 kyr (eccentricity), 35.6 kyr (obliquity), and 21.2 kyr (precession) were identified in geophysical logs of three Late Permian coals: 17#, 18#, and 17 + 18#, from the Songhe mining area in western Guizhou Province. Based on the astronomic temporal framework, the periods of deposition of the 17# (5.6 m), 18# (6.4 m), and 17 + 18# (5.4 m) coals were constrained to 140.8-119.8 kyr, 160-136.2 kyr, and 135-114.9 kyr, respectively. The overall depositional period of the 18# coal of 160-136.2 kyr was further subdivided using the wavelet analysis method, into short and precise periods corresponding to the Milankovitch periodicities. It includes one eccentricity periodicity (123 kyr), three obliquity periodicities (35.6 kyr), and five precession periodicities (21.2 kyr). Different thicknesses of the subdivided coal sections, equivalent to the same time span of deposition, indicate different rates of coal deposition, i.e., thicker sections imply higher rates while the thinner sections represent lower rates. The combination of the measured average carbon concentration with the density of the coals gave rise to long-term average values of carbon accumulation rates for the Late Permian coals, in the range of 42.4-50.6 g⋅C⋅m ⋅a − 1 . A comparison of existing information about peatland NPP levels of various ages and latitudes indicated that when conditions of high rain and high humidity prevail in the palaeo-peatland at given latitude, the NPP rates will vary with changes in atmospheric concentration of CO 2 and O 2 . This relationship may lead to the use of coals as an indicator for the concentration of these gases (CO 2 and O 2 ) in the contemporaneous atmosphere encompassing the long records of coal deposition.
Introduction
Peatlands are globally important terrestrial carbon pools and vital components of soil-atmosphere carbon exchange processes (Vitt 1994; Page et al. 2011; Large and Marshall 2014) . Recent research has suggested that approximately one-third of the global organic soil carbon is stored in peatlands (Mitsch and Gosselink 2007) . The organic carbon productivity-decay balance plays a significant role in global carbon cycles, and is also critical to climatic variation (Yu et al. 2014) . This indicates that the understanding of the long-term behavior of peatland carbon reservoirs is increasingly significant. Most peatland carbon is contained within subarctic, boreal, and postglacial peat deposits, which are mostly less than 10 kyr old. These features limit much of our understanding of the characteristics and evolution of high-to mid-latitude and pre-Quaternary peatlands (Kremenetski et al. 2003; Yu 2011) . Much of the geological record of peat derived carbon is contained in thick pre-Quaternary coal deposits. Therefore, coal deposits can be used to investigate the evolution of older peatlands (Large and Marshall 2014) .
To make use of pre-Quaternary coal deposits as a proxy for palaeoclimatic analysis, it is necessary to develop internal and absolute temporal frameworks based on whole coal seams. These provide the basis for estimating long-term average carbon accumulation rates, and the understanding of the synchronous evolution of peatland carbon reservoirs (Large and Marshall 2014) . By utilizing the potential of coals containing evidence of orbitally paced environmental change, the temporal framework of the coal seam can be established. The key is the identification of Milankovitch cycles from indicative geochemical or geophysical data in coal (Weedon 2003) and then estimating reasonable upper and lower limits of the period of deposition for the coal via the corresponding lengths and periodicities of orbital cycle (Large and Marshall 2014) . This process has already been successfully applied to the Cenozoic coal and lignite deposits (Briggs et al. 2007; Large 2007; Large and Marshall 2014) . According to the combination of the measured average carbon concentration and the coal density, and the carbon loss during coalification, the likely range of the original long-term average carbon accumulation rate for the peatlands can be estimated (Large 2007) . This result then can give rise to the calculation of peatland net primary productivity (NPP) based on the quantitative relation between the long-term average carbon accumulation rate for the peatland and the NPP level during a specific period.
These approaches are based on an assumption of a degree of uniformitarianism, and are largely dependent on information from the Holocene peatland as well. This is likely to be one of a few approaches applied to improve our understanding of the ecology of peatland formed during pre-Quaternary times.
In this study, spectral analysis was conducted on geophysical logs, such as apparent resistivity, gamma-gamma and natural-gamma logs of three relatively thick Late Permian coal seams in the Songhe mining area in western Guizhou. Results of the spectral analysis lead to the identification of the Milankovitch cycles. The temporal longterm average carbon accumulation rate for the peatland as well as regional peatland productivity were estimated based on a temporal framework constrained by these Milankovitch cycles. Furthermore, we subdivided the whole period of coal deposition into several short and precise periods for the construction of an internal temporal framework based on the wave curves corresponding to specific orbital frequencies. Finally, the main factors influencing the productivity of the peatland were assessed.
Geological settings
The Songhe mining area is situated in northern Panzhou City, western Guizhou Province (Fig. 1) . It is a part of the Yunnan-Guizhou-Sichuan-Chongqing coal-rich zone in Southwest China. During the Late Permian, this coal-rich zone was one part of a stable intra-cratonic basin within the western Yangtze Block of the South China microcontinent. It was located between the Kangdian Oldland to the west and the Cathaysian Landmass to the east (Liu 1990; Liu et al. 1993; Wang and Jin 2000) . The western Guizhou Province was located at a palaeolatitude of about 2.5°S (Wang and Li 1998) during the Late Permian. This region was dominated by warm and wet palaeoclimates that favored peat-forming plant communities (Han and Yang 1980; Liu 1990; Li and Wu 1996; Wang and Jin 2000) .
The Upper Permian in the study area includes the basal Emeishan Basalt Formation consisting of massive basalts and the overlying coal-bearing siliciclastic Xuanwei Formation. The Xuanwei Formation can be subdivided into lower, middle, and upper members according to its lithology and coal-bearing properties. In terms of chronostratigraphy, the lower and middle members of Xuanwei Formation and the Emeishan Basalt Formation correspond to the Wuchiapingian, while the upper member of Xuanwei Formation corresponds to the Changhsingian (ICS (International Commission on Stratigraphy) 2018).
During the Late Permian, a wide range of palaeogeographical landscapes and hence environments of deposition were distributed in southwestern China (e.g., Shao et al. 1998) . A belt of non-marine alluvial plain facies was developed in the eastern part of Yunnan, alongside the eastern margin of Kangdian Oldland. Marine-continental transitional and adjoining neritic facies belts were developed in most parts of western Guizhou (Fig. 1) . The study area was situated in a paralic setting near the equator (Wang and Li 1998) , where the peatlands were well developed during this period because of the prevalence of a warm and wet tropical climate (Tian and Zhang 1980; Guo 1990a ).
Geophysical data and spectral analysis
The identification of orbital cycles within coal seams requires three inherent conditions: 1) no indication of a significant hiatus in the coal seam, 2) the depth series of the coal seams should span an orbital periodicity so that it can be treated as a time series (Schwarzacher 1993; Weedon 2003) , and 3) no major tectonism occurred during the coal deposition. Three relatively thick and stable coal seams, 17# (5.6 m), 18# (6.4 m), and 17 + 18# (5.4 m), were investigated from three borehole sections in the Songhe mining area (Fig. 2) . The lateral distances between each of two boreholes were less than 5 km.
These sections cover the stratigraphic intervals of the middle member of the Xuanwei Formation. Coal maceral analysis shows that: the 17# coal seam contains 86.9% vitrinite, 4.4% inertinite, 8.7% mineral matter, and minor liptinite; the 18# coal seam contains 75.9% vitrinite, 14.3% inertinite, and 9.8% mineral matter as well as minor liptinite; however there is no maceral data available for 17 + 18# coal seam (referring to the geological survey report of the Guizhou Administration of Coal Geology). The main coal quality parameters of the coal seams are given in the Table 1 .
Geophysical logs represent properties of strata (Yu and Li 2003) . Three types of geophysical logs are presented in Fig. 2 : apparent resistivity (DLW), gamma-gamma (DEN), and natural-gamma (GR) of each researched coal section were chosen to reflect the changes of the mineral matter (ash) content (Diessel 1992) . The change in maceral composition in coal seams could have potentially contributed to variations in the Fig. 1 Palaeogeography of eastern Yunnan and western Guizhou at the Late Permian (simplified from Shao et al. 1998) showing the position of the studied Songhe mining area. The map of China was modified after the National Bureau of Surveying and Mapping of China (No. GS(2016)2884) geophysical log signals (Wang 2006 ) and even to the derivation of orbital cycles (Large et al. 2003) . However, maceral-related oscillations were not considered in this study because vitrinite dominates (> 75%) in all the investigated coal seams.
All log data of the 17#, 18#, and 17 + 18# coal seams were obtained from the geological survey report in Songhe mining area (Guizhou Administration of Coal Geology 2002). These were recorded at a sampling interval of 0.1 m as originally sampled, i.e. 56, 64, and 54 points were measured, respectively. Spectral analysis was then undertaken to determine whether significant periodic oscillations occur in the geological log signals, and whether or not these oscillations can be attributed to orbital climate forcing. In this study, the spectral analysis process was conducted using the SSA-MTM toolkit including singular spectrum analysis (SSA), multitaper method (MTM), and maximum entropy method (MEM) (Ghil et al. 2002) . The SSA method was used to identify and remove the underlying low-frequency components in the data and meanwhile provide a non-linear reconstruction of significant frequency components. The MTM method was used to identify and compare significant frequencies in the proposed orbital range. The purpose of MEM is to check spectrum peaks whose confidence levels are 99% or more. For more specific information on operational processing please refer to http:// research.atmos.ucla.edu/tcd//ssa/.
Results
Three main groups of frequencies, the 0.03-0.43, 0.52-0.74, and 0.85-1.23 cycles⋅m − 1 in ascending order ( Fig. 3) , were obtained via spectral analysis and the averages were 0.20, 0.63, and 1.09 cycles⋅m − 1 , labeled as f3, f2, and f1, respectively. Then the cycle lengths could be estimated using formula (1) as follows:
where, T is the cycle length (m) and f is the frequency corresponding to f3, f2, and f1.
The calculations results for T3, T2, and T1 corresponding to f3, f2, and f1 were 5.0 m, 1.56 m, and 0.92 m, respectively. Then the ratio for the cycle length was 5.43:1.69:1, respectively, which is similar to the ratio for Milankovitch periodicities during the Late Permian at 250 Ma BP of 123 kyr (eccentricity), 35.6 kyr (obliquity), and 21.2 kyr (precession) = 5.8:1.7:1 (Berger et al. 1989 (Berger et al. , 1992 . Thus, it is reasonable to conclude that these frequencies in coal seams could represent orbital cycles, because the information related to the Milankovitch cycles has been identified. This conclusion implies that the development of the peatland was continuous and undisturbed over long periods, and was driven to a significant extent by the Milankovitch cycles.
Period of coal deposition and the internal time framework construction
Following the identification of Milankovitch cycles, the rates of coal deposition were calculated using the following formula (2) (Fig. 5) :
where, V coal is the rate of coal deposition (m⋅kyr − 1 ) expressed as the thickness of coal (m) deposited per thousand year (kyr − 1 ). T is the cycle length (m) of T1 (0.92 m), T2 (1.56 m), and T3 (5.0 m) as previously described in formula (1). t is the orbital periodicity (kyr) cited from Berger et al. (1992) , with t1, t2, and t3 being 123 kyr (eccentricity), 35.6 kyr (obliquity), and 21.2 kyr (precession), respectively. The V coal values calculated based on the formula (2) range from 0.04 to 0.047 m⋅kyr − 1 . Furthermore, the period of coal deposition can be estimated according to the formula (3) as follows:
where, T coal is the period of coal deposition (kyr). L is the thickness of coal (m) and V coal is the rate of coal deposition (m⋅kyr − 1 ) obtained from formula (2). As a result, the thickness of coal (L) of 5.6 m (17#), 6.4 m (18#), and 5.4 m (17 + 18#), in combination with the V coal values calculated from formula (2), give rise to the estimated periods of coal deposition (T coal ) for the three seams. These are approximately: 140.8-119.8 kyr (17#), 160-136.2 kyr (18#), and 135-114.9 kyr (17 + 18#), respectively.
The periods of coal deposition calculated here are theoretically reasonable considering that the whole Wuchiapingian spans approximately 6.6 Ma (ICS (International Commission on Stratigraphy) 2018), which could provide a reasonable and, in our view, trustworthy recognition of the Milankovitch periodicities from geophysical logs in coal.
Following the calculation of the period of coal deposition, it is possible to subdivide this period into short and precise periods for the internal temporal framework of coal deposition on the basis of the wave curve corresponding to the specific frequency. The wave curve can be obtained by filtering of the respective log signals. Each one of two adjacent peaks or troughs constitutes one complete cycle, i.e., a complete orbital periodicity. Complete cycles could work as time measurement scales being used to subdivide the whole period of coal deposition into several relatively short and precise periods corresponding to different specific cycle lengths, i.e., specific orbital periodicities. In this study, the original geophysical log signals (DLW, DEN and GR) of each coal seam was filtered by the wavelet transformation method to obtain wave curves corresponding to the frequencies of f3 (0.20 cycles⋅m − 1 ), f2 (0.63 cycles⋅m − 1 ), and f1 (1.09 cycles⋅m − 1 ). Eventually, three curves filtered from the DEN log signal of the 18# coal seam can appropriately subdivide the period of 18# coal seam deposition into relatively short and precise periods (Fig. 4) , while other curves filtered from the investigated logs are less appropriate in this process. The 6.4-m thick coal seam (18#) was subdivided into one complete eccentricity periodicity of L2 (123 kyr), three complete obliquity periodicities of M2 (35.6 kyr), M3 (35.6 kyr) and M4 (35.6 kyr), and five precession periodicities of S2 (21.2 kyr), S3 (21.2 kyr), S4 (21.2 kyr), S5 (21.2 kyr) and S6 (21.2 kyr) (Fig. 4) . Different thicknesses of the subdivided coal seams equivalent to the same period of deposition indicate different rates of coal deposition: a thicker section implies a higher rate, while the thinner one represents a lower rate. Fig. 3 Spectral analysis of the Late Permian coal seams from the Songhe mining area, western Guizhou. a, b, c show spectral analysis results of the 17 + 18#, 17# and 18# coal seams respectively. DLW, DEN (Density) and GR represent apparent resistivity, gamma-gamma and natural-gamma logs respectively. MEM and MTM represent the maximum entropy method and multitaper method respectively
As for the reason of the insufficiently accurate subdivision of periods for the coal seams 17# and 17 + 18#, we think it is possibly because the incorrect choice of frequencies or other factors which may need more investigations.
Peatland productivity
For the calculation of peatland productivity, the long-term average carbon accumulation rate of the coal was calculated based on the following formula (4) (Fig. 5) : ) and the long-term average carbon accumulation rate for the peatland
where, V C in coal is the long-term average carbon accumulation rate for the coal (g⋅C⋅m − 2 ⋅a − 1 ) expressed as the amount of carbon (g) accumulated in an area (m − 2 ) per year (a − 1 ). ρ is the measured average density of the coal (g⋅cm − 3 ). X 1 is the measured carbon concentration of the coal (%), and V coal is the rate of coal deposition (m⋅kyr − 1 ), which was described previously. In this study, the measured average bulk densities of the 17# and 18# coal seams are 1.33 g⋅cm − 3 and 1.34 g⋅cm − 3 (Table 1 ). The measured average carbon concentrations are 79.63% and 80.32% respectively, which give similar estimates of the V C in coal values for the 17# and 18# coal seams of ca. 42.4-49.8 g⋅C⋅m − 2 ⋅a − 1 and 43.0-50.6 g⋅C⋅m − 2 ⋅a − 1 , respectively. No geochemical data for the 17 + 18# coal seam is available, therefore we use the integrated data for the 17# and 18# coal seams (42.4-50.6 g⋅C⋅m − 2 ⋅a − 1 ) as the representative value of the long-term average carbon accumulation rate for the coals investigated in this study.
Considering the carbon loss during coalification, the long-term estimated average carbon accumulation rate for the coal will be less than that in the initial peatland. According to the Van Krevelen diagram (Diessel 1992) , it is suggested that when the carbon loses from the type III kerogen during the transition from peat to coal, hydrogen and oxygen will decrease simultaneously. Large and Marshall (2014) summarized the carbon loss during coalification of various maturity degrees of coal with different measured average carbon concentration and average dry bulk density. Based on this summary, the investigated coal seams with measured average carbon concentration of ca. 80% and average dry bulk density of 1.33 g⋅cm − 3 lost ca. 30% carbon during coalification, i.e., ca. 70% carbon is retained in the coal. Thus, the long-term average carbon accumulation rate for the initial peatland can be calculated using the following formula (5) (Fig. 5 ):
where, V C in peatland is the long-term average carbon accumulation rate for the peatland (g⋅C⋅m − 2 ⋅a − 1 ) expressed as the amount of carbon (g) accumulated in an area (m − 2 ) of peat per year (a − 1 ). X 2 is the carbon loss percentage during the coalification, which is ca. 30% (Large and Marshall 2014) . V C in coal is the long-term average carbon accumulation rate for the coal obtained from formula (4).
The V C in peatland value was determined to be ca. 60.6-72.3 g⋅C⋅m − 2 ⋅a − 1 , which is well within the range of long-term average carbon accumulation rates of the Holocene peatlands. The average carbon accumulation rates vary from 19.9 g⋅C⋅m − 2 ⋅a − 1 in a boreal peatland (Korhola et al. 1995) to 100 g⋅C⋅m − 2 ⋅a − 1 in a tropical peatland (Page et al. 2004; Lähteenoja et al. 2009 ) during the Holocene.
The temperature gradient and environmental conditions of the tropical area during the Late Permian were similar to those of current areas of peat deposition near the equator (Ziegler 1990; Ziegler et al. 1997) . Based on this assumption, it is reasonable to evaluate the NPP of the Late Permian tropical peatland by applying the quantitative relation between the Holocene NPP level and the long-term average carbon accumulation rate for the peat expressed in the following formula (6):
where, NPP is the net primary productivity of the peatland (g⋅C⋅m − 2 ⋅a − 1 ). X 3 is the quantitative relation between the Holocene NPP level and the long-term average carbon accumulation rate for the peat in the tropic area. V C in peatland is the long-term average carbon accumulation rate for the peatland obtained from formula (5).
Such a comparison was made by Large (2007) and shows that the tropical NPP level was within the range of 300-900 g⋅C⋅m − 2 ⋅a − 1 and the long-term average carbon accumulation rate for the peat varied from 50 to 250 g⋅C⋅m − 2 ⋅a − 1 during the Holocene (Fig. 6 ). This indicates that the NPP level of peatland was approximately 4-6 times (X 3 ) of the long-term average carbon accumulation rate for the peatland in the tropics. Therefore, the NPP of tropical peatland during the Late Permian can be calculated as Vc in peatland (60.6-72.3 g⋅C⋅m − 2 ⋅a − 1 )⋅X 3 (4-6), which is 242-433.8 g⋅C⋅m − 2 ⋅a − 1 .
Discussion
The 17# and 18# coal seams with high ash content (Table 1) suggest the initial peatlands formed within a low-lying mire (Moore 1987) and were possibly rich in terrigenous siliciclasts deposited under an abundant surface water supply. Orbital variations could have affected climate change and further influenced precipitation and soil weathering, which are ultimately linked to the Milankovitch cycle forcing (Kerr 1981; Muller et al. 2008) . Assuming that the local geological conditions were relatively stable during the period of peatland formation, the terrigenous debris content (such as ash) in coal from the water supply could serve as a medium for Milankovitch cycle research in some ways. The conventional dating methods such as radiometric dating have already been widely used, however, it may be inadequate of providing sufficient accuracy required when constraining time for even relatively thick coal seams (Allègre 2008) . The alternative method based on Milankovitch cycles identified from geophysical data in coal to estimate the reasonable upper and lower limits of the coal deposition rate is more accurate (Large and Marshall 2014) . For the Late Permian peatland, the estimated NPP levels are based on the available precise temporal framework of the coal seam.
The calculated Late Permian NPP values (242.4-433.82 g⋅C⋅m − 2 ⋅a − 1 ) apparently correspond to the lower end of the range of the Holocene tropical peatland NPP (300-900 g⋅C⋅m − 2 ⋅a − 1 ) (Fig. 6 ). The low rates of global terrestrial organic carbon burial, during the Lopingian could be due to aridity, global decrease in sea level, and transition from high biomass forests to low biomass herbaceous cover (Berner 2005; Hilton and Cleal 2007) .
However, recent research suggests that the palaeoclimate was humid and warm during the Late Permian in southwestern China where tropical rainforests grew well and the coal-forming vegetation was relatively constant (Guo 1990b; Li et al. 1995) . Some researchers have indicated that carbon production and storage of a peatland could have been subject to a palaeo-wildfire (Moore 1987) ; however, the inertinite content in the coal seams of this study area was less than 15%, indicating that the influence of palaeo-wildfire was small. The coal seams in the study area are relatively thick and stable, suggesting that the growth of the accommodation space was indeed consistent with the peat formation and the growth of the accommodation space was a favorable rather than a negative factor for NPP.
As mentioned above, temperature has a significant influence on photosynthesis efficiency. Modern research suggests that the study area was near the equator during the Late Permian, where the local mean annual temperature ranged from 26°C to 29°C without any significant difference from that of the present time (Fluteau et al. 2001 ). This suggests that temperature is not an important cause of the difference in local primary productivity at the study area.
Plants absorb CO 2 from the air and transform it into sugars and other carbon-based molecules during photosynthesis, and consume oxygen and break down organic matter during the respiration process. Given that the atmospheric composition has an influence on plant photosynthesis and respiration, the most likely factors for the productivity reduction are atmospheric O 2 and CO 2 concentrations. The models of Beerling and Berner (2000) and Berner et al. (2003) show that the global terrestrial biosphere NPP level will decrease by 11% with an increase of atmospheric O 2 concentration from 24% to 35%. The concentration of O 2 and CO 2 was 28% and 0.1% during the Late Permian respectively (shadowed column P 3 -2 in Fig. 7) , while it is 21% and 0.03% at the present time. Thus, it is reasonable to assume that relatively high CO 2 concentration level could have increased peatland productivity, while the high O 2 concentration level would counterbalance this effect, resulting in a lower NPP level. Similar conclusions were derived by Wang et al. (2011) from their research on Nuodong coal, western Guizhou formed in the upper member of the Late Permian Longtan Formation, a period slightly younger than the coals in this study (shadowed column P 3 -1 in Fig. 7) . These conclusions were supported by more recent studies of the Middle Jurassic coals in the Ordos Basin (Wang et al. 2018 ) and the Early Cretaceous coals in the Erlian Basin (Yan et al. 2016 ) located in mid-latitude regions of the northern hemisphere.
To extend our understanding of the relationship between the atmospheric environmental conditions and the peatland NPP level, some findings of previous research on coals ranging in age from the Permian to the Quaternary are summarized below (Table 2 ). These enable comparison between tropical and mid-latitude long term average carbon accumulation rates of tropical and mid-latitude peat. Based on the linear equation for calculation of the Holocene long-term average rates of the carbon accumulation at different latitudes (Large and Marshall 2014) and the quantitative relation between the NPP level and the long-term carbon accumulation rates of the Holocene peatlands (Large 2007) , we converted the Late Permian NPP level from the tropics to the mid-latitude region. The converted long-term average carbon accumulation rate of the peatland in the 40°-45°N regions is 28.7-40.4 g⋅C⋅m − 2 ⋅a − 1 in this study and its corresponding NPP is 143.5-202 g⋅C⋅m − 2 ⋅a − 1 Fig. 7 Comparison of atmospheric CO 2 content (Berner 2006) and O 2 content (Berner 2009 ) through geological history. The shadow column P 3 -2 represents the approximate time position of peatlands formed in western Guizhou during the Late Permian period in this study; P 3 -1, J 2 , K 1 and Q indicate the approximate time positions of peatlands formed in the Late Permian (Wang et al. 2011) , the Middle Jurassic (Wang et al. 2018) , the Early Cretaceous (Yan et al. 2016 ) and the Holocene (Large 2007) , respectively Table 2 ). Though this conversion may not be sufficiently rigorous and is largely based on the assumption of a degree of uniformitarianism, it can contribute to an understanding of the potential correlation between the NPP level and atmospheric environment expressed in the form of concentrations of O 2 and CO 2 . A comparison of the mid-latitude NPP levels between the Late Permian and the Middle Jurassic peatlands (Table 2 ; Fig. 7) demonstrates that the peatland NPP will increase when the atmospheric O 2 content markedly decreases while CO 2 content remains the same. Furthermore, a similar conclusion can also be drawn from the comparison of mid-latitudinal peatland NPP levels between the Late Permian and the Early Cretaceous with a remarkable decrease of O 2 content and a slight increase of CO 2 level. A comparison between the Early Cretaceous and modern peatland NPP levels illustrates that the peatland NPP levels will increase when the atmospheric CO 2 content increases and the O 2 content remains unchanged. Similarly, a comparison of midlatitudinal peatland NPP levels between the Late Permian and the Holocene periods (Table 2 ; Fig. 7) show a decrease in peatland NPP level when CO 2 and O 2 contents simultaneously decrease, and even when the O 2 content changes more markedly.
Based on comparisons of peatland NPP levels among different geological ages and different latitudes, it is suggested that within the same latitudinal region the peatland NPP levels are largely influenced by temporal change in atmospheric CO 2 and O 2 contents. With a better understanding of the correlation between the peatland NPP and the atmospheric environment, coals can be used as a significant proxy to extend our high-resolution documentation and understanding of pre-Quaternary peatland ecology.
Conclusions
A pattern of Milankovitch periodicities of 123 kyr (eccentricity), 35.6 kyr (obliquity), and 21.2 kyr (precession) was identified by applying spectral analysis (apparent resistivity, gamma-gamma, and natural-gamma) to the geophysical logs of the Late Permian coal sections from the Songhe mining area in western Guizhou. The depositional periods of 17# (5.6 m), 18# (6.4 m), and 17 + 18# (5.4 m) coal seams were calculated as 140.8-119.8 kyr, 160-136.2 kyr, and 135-114.9 kyr, respectively.
Using Milankovitch periodicity as a temporal indicator, the Late Permian long-term average carbon accumulation rate for coals was estimated to be 42.4-50.6 g⋅C⋅m − 2 ⋅a − 1 . These values correspond to the long-term average carbon accumulation rate for the initial peatland of 60.6-72.3 g⋅C⋅m − 2 ⋅a − 1 and the peatland NPP of 242.4-433.8 g⋅C⋅m − 2 ⋅a − 1 . The whole depositional period of the 18# coal seam of 160-136.2 kyr was further subdivided into short and precise periods by the wavelet analysis method corresponding to the Milankovitch periodicities. It includes one complete eccentricity cycle (123 kyr), three complete obliquity cycles (35.6 kyr), and five complete precession cycles (21.2 kyr). Different thicknesses of the subdivided coal seams equivalent to the same deposition periods indicates different rates of coal deposition, i.e., thicker seams imply higher rates while the thinner seams represent lower rates.
The present results indicate that when conditions of high rain fall and high humidity prevail in the palaeo-peatland at a given latitude, the rates of net primary productivity (NPP) vary with changes in atmospheric concentration of CO 2 and O 2 . This relationship may help broaden the interpretation of NPP records to encompass considerations of changes in the composition of the atmosphere, at the particular part of the Earth's history for which coal records exist.
